INTRODUCTION
Dual-element angle beam transducers exhibit operating characteristics suitable for a large range of practical field applications, particularly for the interrogation of highly attenuative materials such as stainless steel. These capabilities can be improved by operating such transducers as phased array search units, consisting of many transducer elements. Each of the array elements is pulsed with the appropriate time delays, thus controlling the shape and the sound beam direction on a large scale. This study describes the design and optimization of a multi-mode T/R (transmit/receive) phased array search unit generating longitudinal, shear and subsurface longitudinal ('creeping') waves. The elaborated design can be operated with 12 or 16 transducer elements generating multiple wave modes for certain inspection ranges. This search unit is particularly suited for detection of surface connected planar discontinuities associated with circumferential or vertical weld seams of pressure vessels or pressure vessel components (core shroud) in the range of 1.5 inches ("-' 40 mm) wall thickness. Based on the well-known physical processes inherent to ultrasound generation in isotropic media, the Generalized Point-Source-Synthesis method (GPSS) [1, 2] has been used to model and optimize the probe. The three-dimensional transducer build-up simulation includes the reflection/refraction process at the wedge-to-material sound entry interface considering fluid coupling. The established search unit parameters consist of wedge angle, roof angle, transducer element length and width by given search unit housing dimension and a fixed inspection frequency.
OBJECTIVES
In ultrasonic nondestructive testing, effective testing procedures are desirable, especially when it comes to inspection of inconveniently accessible components. In this respect, maximum coverage of the inspection area and a maximum capability The T /R sensitivity should meet the following specifications ( Fig. 1 ):
for longitudinal waves: the nominal focal depth shall be at least 1/3, but not more than 2/3 of the nominal thickness of the shroud cylinder plate, for shear waves: the focal distance shall be between one and two times the nominal shroud cylinder thickness, for SSLW: electrical discharge machining (EDM) notch reflectors of 3.8 mm depth have to be detected with a SNR of at least 6 dB.
Since these specifications are to be achieved with one fixed wedge position, the evaluation of the design parameters, especially under the constraint of small transducer dimensions, is a tedious task. The problem is solved by applying computer-aided modeling, taking into consideration all inherent physical processes.
DESIGN PARAMETERS
With the center frequency and the transducer size as well as the number of transducer elements fixed, the free design parameters are the wedge angle and the pitch (roof) angle (Fig. 2) , as well as the transducer element length and width. These parameters are to be accordingly established, where -due to the intended generation of different wave modes at various angles of refraction -special attention has to be payed to the modeling of the electronical beam steering.
APPLIED OPTIMIZATION CONCEPT
The propagation of ultrasonic waves in the system transducer/wedge/shroud cylinder plate is modeled three-dimensionally using the method of Generalized Point-Source-Synthesis (GPSS) [1,2J, taking into account the reflection/refraction process at the wedge/plate interface as well as the fluid coupling. The principle of GPSS is as follows: the transducer aperture is divided into a grid, at each grid point a point source generating an elementary wave is located. The contributions of all point sources are then summed up inside the material to obtain the generated transmitter sound field; the same procedure is used to account for interfaces. Thus the method simply applies Huygens' principle. The starting points of Huygens' elementary waves have to be arranged densely in order to obey the sampling theorem. Correspondingly, the distance between two neighbored points has to be less than half the wavelength of the generated wave mode, the number of points results from the transducer dimensions.
Based on the well-known physical processes inherent to ultrasound generation in isotropic media, GPSS can be used to model even complex transducers, like e.g.
in order to optimize the transducer with respect to the generation of certain wave modes (longitudinal, shear or subsurface longitudinal waves). This approach -described e.g. in Ref. [2] -is applied in this study. The calculations of the transmitter sound fields and the transmitter/receiver sensitivity zones are performed for continuous waves. Minor differences as compared to calculations for pulsed waves exist in the near-field structure and in the intensity of the side lobes. Thus the approach applied is -from the practical point of view -a sufficient approximation.
Focusing the sound fields to different refractive angles is achieved by assigning corresponding phase delays to each transducer element. In the applied model, these delays are calculated using Fermat's principle as described in Ref. 3 .
RESULTS AND DISCUSSION
Taking into account the fixed housing dimensions, a T /R phased array search unit was elaborated, with the design optimized in view of the above specifications. The simulations showed that the ASU can be operated also with 12 elements with practically no difference in its performance. In the following, results for this optimized probe are presented. Figure 3 shows the 6dB-sensitivity zones for the three different wave modes. It can be seen that the middle and lower inspection region are nicely covered using the 60°-to 45°-longitudinal waves and 45°-shear waves, respectively. The upper region is inspected using the SSLW, which is in fact the most critical operation mode for the ASU.
To demonstrate the performance of the search unit, test measurements were performed at three steel specimens of 40 mm and 45 mm thickness. The test specimen for the SSLW operation contained 7 EDM-notches (0.2 mm width) with depths between 0.5 mm and 5 mm. The 4 mm-notch could be detected with a SIN-ratio of 30 dB. Even the 0.5 mm-notch could be surely detected with a SIN-ratio of about 18 dB. Figure 4 shows the experimental amplitude locus curve for the detection of the 4 mm-notch in comparison with the theoretical calculation. Assuming that the main contribution to the reflected signal comes from the notch-tip, the simulated result has been calculated for a point reflector in 4 mm depth. The excellent agreement confirms the assumptions underlying the modeling procedure.
The sensitivity in the 45°-to 60°-longitudinal wave operation mode was measured using a specimen containing 2 mm-side-drilled holes at depths between 10 mm and 35 mm. All these reflectors could be detected with SIN-ratios between 36 and 43 dB. For the 60°-longitudinal wave, Fig. 5a ) shows the measured 6 dB-sensitivity zones in comparison with the result calculated for a point reflector. A similarly good agreement has been obtained for the 45°-longitudinal wave, which is shown in Fig. 5b ).
The 45°-shear wave operational mode was checked by detecting backwall -SO.
[mmJ -60.
-10(mm) Q
[dB] • data measured at notch surface notches with depths between 1 mm and 4 mm. These could be detected with SIN-ratios ranging between 28 and 32 dB, using the angle mirror effect.
CONCLUSION
The application of the GPSS-modeling code lead to the design of an optimized multifunctional transducer, which -with one fixed wedge position -allows to generate several wave modes at refractive angles between 45° and 90° using the phased array principle. The excellent agreement of theoretical and experimental results presented in this contribution confirms the validity and reliability of the applied modeling technique. Optimization by computer-aided modeling as well as the application of optimized manufacturing procedures and special material developments [4] , ensure the build-up of high-grade efficient transducers as a basic tool for improved materials testing.
